cDNA. The PCR condition began with activation of Hot-start Taq DNA polymerase by heat 1 6 8 treatment at 95 °C for 10 min and was followed by 40 cycles of 15 s at 95 °C, 30 s at 50 °C, and 1 6 9 40 s at 72 °C with a final extension for 10 min at 72 °C.
β -Actin was used as an internal control
in each sample for equivalent of template and was amplified with actin primer as mentioned above. Fluorescence values were measured and amplification plots were generated in real time by an Exicycler TM program. Quantitative analysis followed a comparative C T (∆∆C T ) method Ligation analysis of RCH 1 7 6
Fifth instar larvae of S. exigua were ligated between second and third abdominal segments by a thread (Fig. 6A ). Ligation at the middle of the whole body divided it into two parts as anterior part ('AP') and posterior part ('PP'). Ligated larvae were exposure at 4°C for 6 h as RCH treatment, and controls were exposure at 25°C for 6 h. After RCH, hemolymph was bled and hemolymph was analyzed by HPLC after cleaning, as described above. All bioassays were performed in three independent replicates. Means and variances of treatments 1 8 5
were analyzed in one-way ANOVA by PROC GLM of SAS program (SAS Institute, 1989) . The means were compared by the least squared difference (LSD) test at Type I error = 0.05. Effect of RCH on survival of all developmental stages of S. exigua to cold shock 1 9 1
All developmental stages of S. exigua were highly susceptible to 1 h exposure to -10 o C ( Fig. 1 ).
9 2
However, a pretreatment with 4 o C for 6 h significantly increased the survival in all 1 9 3
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 8 developmental stages (Fig. 1A ). This RCH effect was dependent on the pre-exposure period ( a maximal level at more than 6 h pre-exposure. Subsequent RCH experiments used pre-exposure
at 4 o C for 6 h. Enhancing supercooling capacity by RCH 1 9 9
Supercooling is required for overwintering of S. exigua to avoid body fluid freezing (Kim and
Kim, 1997). The effect of RCH on SCP was investigated in larval stages (Table 1) . Both third Glycerol content in plasma increases in response to RCH 2 0 6
The fifth instar larvae exhibited a significant increase of survival at -10 o C for 1 h and enhanced 2 0 7
supercooling capacity in response to RCH treatment. Thus, the cryoprotectant(s) were 2 0 8 investigated in the fifth instar after RCH treatment (Fig. 2) . Nine carbohydrates and polyols were 2 0 9 separated using HPLC ( Fig. 2A) . When plasma samples were analyzed in this HPLC system, 2 1 0 more than 10 peaks were detected. Among these peaks, six peaks were matched to the retention 2 1 1 times of the standards (Fig. 2B) . Without RCH treatment, the main peak was trehalose. Based on 2 1 2 the retention times, glycerol, sorbitol, mannitol, glucose, and galactose were detected. RCH analyzed (Table 2) , glycerol content significantly increased from 0.7 mM to 4.0 mM. Sorbitol,
another polyol, did not show significant change, maintaining 0.5-0.8 mM. To explain the increase of glycerol content, enzymes associated with glycerol biosynthesis were 2 2 2 predicted (Fig. 3A) . From glycolysis intermediates, dihydroxyacetone-3-phosphate (DHAP) was SeGK1 genes were expressed in all developmental stages, with slight expression at egg stage and
in different tissues, such as gut, fat body, hemocyte, nerve, and salivary gland from fifth instar Since SeGPDH1 and SeGK1 genes were expressed in S. exigua, the significance of those genes 2 4 0 was tested by assessing the survival of the RNAi-treated larvae to cold shock. Using a specific SeGPDH1 and SeGK1 expression levels were significantly decreased from 24 h post-dsRNA
injection, and their knockdown in expression levels was maintained until 72 h for both
SeGPDH1 and SeGK1 (Fig. 4A ). Specific suppressions of two gene expressions were confirmed
by qRT-PCR (Fig. 4B ). Larvae at 48 h post-dsRNA injection did not increase their survival after
RCH treatment (Fig. 4C ). There was no significant difference in survival between RCH and 2 4 9
control treatments after either RNAi of SeGPDH1 or SeGK1. cryoprotectants, such as sorbitol and trehalose. However, there were no differences between two parts in other cryoprotectants. Cold hardiness and diapause are essential components of winter survival for most insects in
temperate zones (Denlinger, 1991) . Especially, cold hardiness provides tolerance to low
temperatures, while diapause allows the overwintering insects to maintain vital bodily functions withstanding internal ice formation. However, the large majority of terrestrial insects is freeze-
susceptible, and should avoid the formation of internal ice formation by enhancing supercooling
capacity through the massive production of polyols or other forms of cryoprotectants (Storey and
Storey, 2012). S. exigua is classified into a freeze-susceptible insect and possesses a supercooling capacity (Kim and Kim, 1997). In this current study, the survival of S. exigua at low
temperatures was analyzed in RCH, because this species does not have diapause development to 2 7 7 be prepared to overcome any upcoming harsh environment. In our previous study, Song et al. (1997) showed that fifth instar S. exigua significantly increased survival after 2 h exposure to was decreased with aging in adult stages (Czajka and Lee, 1990) . Thus, we analyzed 1-2 day old 2 8 6
young adults in this current RCH assay.
The RCH was accompanied by a significant increase of glycerol titers in hemolymph of S.
exigua. The glycerol titer was dependent on the exposure period at low temperature. Other showed that trehalose was detected as the major blood sugar, at a concentration of 7.52 mM 2 9 2 concentration in hemolymph, and showed a slight decrease with exposure to low temperature main blood sugar, but diverse among insects from < 0.1 mM to 133 mM (Kramer et al., 1978) .
Trehalose has been also used as a cryoprotectant in several insects. In codling moth, Cydia
pomonella, diapause development stimulates a threefold increase of trehalose in its body content,
which plays crucial roles in survival at low temperatures by enhancing the supercooling capacity are reported. Trehalose-6-phosphate synthase catalyzes a critical step for trehalose biosynthesis, The increase of glycerol content was associated with an increase of cold tolerance. Glycerol is by far the most common cryoprotectant due to its high solubility, nontoxicity, and tested the glycerol synthesis pathway using GPDH and GK. Both genes were identified in this study. Their expressions were suppressed by specific dsRNAs. These RNAi treatments prevented glycerol accumulation in response to pre-exposure to a low temperature, and inhibited RCH. GPDH is an NAD + -dependent cytosolic enzyme which is present in the tissues of all eukaryotic expressions (Wright and Shaw, 1969; Rechsteiner, 1970; von Kalm et al., 1989) . In this current 3 3 3 study, GPDH exhibited ubiquitous expression in different developmental stages and tissues of S. for RT-PCR are located at the 5' region, which is common to all GPDH isozymes in D.
melanogaster, our expression analysis may be mixed with all expressions of endogenous glycerol-3-phosphate for other intermediary metabolism (Wyatt, 1975 necessary to clarify this speculation. analyzed the brain protein profiles after RCH and found that several factors, such as ATP
synthase, a small heat shock protein, and a tropomyosin, are highly up-regulated. However, it
remains unknown which type of humoral factor(s) mediate the RCH. This study showed that glycerol is a central cryoprotectant in RCH in S. exigua, based on
HPLC analysis of glycerol titers in response to pre-exposure to low temperature. This biosynthesis. In addition, this study proposes a novel glycerol production pathway using GPDH 3 6 0 and GK during RCH. We appreciate the kind donation of cDNA sequences by Dr. Salva Herrero, University of
Valencia, Spain) affording us the whole ORF sequences of SeGK1 and SeGPDH1. Expression profiles of two genes associated with glycerol biosynthesis: glycerol-3-phosphate dehydrogenase (GPDH) and glycerol kinase (GK). Expression of GPDH and GK in different developmental stages. E', 'L1-L5', 'P', and 'A' represent egg, first-fifth instar larva, pupa, and adult stages, respectively. Expression of GPDH and GK in different tissues of fifth instar larvae.
Tissues analyzed include gut, fat body ('FB'), hemocyte ('HC'), nerve ('NEV'), and salivary gland ('SG'). Expression of β-actin confirms an integrity of cDNA preparation. Figure 6
